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Introduction

Growth factor-receptor tyrosine kinases (RTK’s) play a central role in the coordination of cell
growth, differentiation and other activities in multicellular organisml. Molecular lesions in and/or aberrant
expression of RTK’s can lead to cancer. There is a particularly strong correlation between the erbB2
(new/HER-2) receptor and breast cancer””. The cell-surface location of the erbB2 receptor makes it an
obvious target for novel therapies. The purpose of this research is to gain insight into the structure of the
extracellular domain of this receptor and its mode of activation in order to aid in the development of new
antagonists. ErbB2 is one of a family of 4 RTK’s which also includes the epidermal growth factor receptor
(EGFR). The first step in the stimulation of a response by a growth factor is dimerization of the receptor
upon binding of the cognate ligand®’. We have crystals of the EGF induced homodimer of the soluble
extracellular domain of EGFR that diffract to better than 2.8 A. Determination of this structure is in
progress. This structure will provide insight into the specific molecular events that drive erbB receptor
dimerization. A key question is whether the dimerization is mediated only by receptor-receptor contacts, or
whether the ligand is bivalent in nature, simultaneously contacting both receptor molecules in the dimer.

Body of Annual Report

Most of the effort of this funding period has been directed toward accomplishing Task 5; solving the
X-ray crystal structure of the s-erbB1/EGF complex. The problem of crystal non-isomorphism has been
solved and we can proceed with determining the phase information needed to solve the structure. The native
data that we now have is sufficient to solve the structure once phases have been obtained. We hope to be
able to obtain higher resolution data in the future.

Task 1 Obtain purified receptor extracellular domains (months 1 - 18)

As described in detail in our 1999 annual report, the full length extracellular domains of erbB1, 2, 3
and 4 (s-erbBs) can be expressed in insect cells using recombinant baculoviruses and purified to
homogeneity. This procedure is now routine and performed by a number of members of the laboratory to
produce protein for different experiments.

Task 2. Obtain purified ligands (months 1 - 18)

We purchase all ligands from commercial sources and use them without further purification. High
quality s-erbB 1/EGF crystals can be grown using EGF purchased from Intergen, which is relatively
inexpensive. We have available E. coli or yeast systems for several ligands which we will use if necessary.
Work will proceed on this task as required.

Task 3. Characterize binding of ligands to isolated domains 1 and 3 (months 6 - 12)

In the interest of diverting full effort towards solving the structure of the full length s-erbB1
ectodomain in complex with EGF (Task 5), this task has been postponed until a later stage in the funding

period.
Task 4. Obtain diffraction quality crystals of s-erbB1/EGF complex (months 7 - 18)

As described in detail in the 1999 annual report, diffraction quality crystals of the s-erbB1/EGF
complex have been obtained. Good crystals diffract to better than 3.5 A on a MAR image plate detector
using double mirror-monochromated/focused Cu K, X-rays from a Siemens generator. The crystals are of
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space group C2, witha=118 A,b=103 A, ¢ =100 A, B = 119° and one half dimer per asymmetric unit.
There is variability in the diffraction quality of the crystals and many have to be tested to find a strong single,
crystal. Seeding has been successfully applied and improves reproducibility and quality of the crystals.
This project represents a key component in several beam time applications at both the National Synchrotron
Light Source at Brookhaven National Laboratories and the Cornell High Energy Synchrotron Source
(CHESS).

Task 5. Solve the X-ray crystal structure (months 18 - 30)
(1) Collect high resolution native data (months 18 - 24)

A complete native data set to 2.8 A has been collected on an unstabilized frozen crystal at the
National Synchrotron Light Source (NSLS) beam line X25 operating at 1.0A with a Brandeis 4-module
CCD-Based detector (B4) Data were processed using DENZO and SCALEPACK®. A summary of the data
collection statistics was given in the last report. While the data extend to 2.8 A the quality of the high
resolution data is poor. Current focus has been toward obtaining data from a stabilized crystals as detailed
below. Once phases have been obtained and the structure solved further attempts will be made to obtain the
highest resolution data possible.

(i) Search for heavy atom derivative (months 18 — 30) and
(iii) Collect heavy atom derivative data (months 18 - 30)

The first stage in initiating a heavy atom derivative search is to ensure that a crystal soaked in
stabilizer without any heavy atom added is isomorphous with native data. As detailed in 1999 annual report,
problems were encounter at this step. The stabilized crystals were non-isomorphous with the crystal frozen
after only brief exposure to the cryoprotectant (as used to collect the data at NSLS X25). This problem has
been resolved. We have recently been able to collect a complete data set at NSLS beam line X12B on a
crystal stabilized for 24 hours. Data were collected at 1.0A, with a Area Detector Systems Corporation
Quantum 4 CCD detector (Q4), and were processed with MOSFLM® and CCP4!®!!, Statistics for the data set
are presented in Table 1.

Resolution Shells Unique Reflections | Completeness R .. I/c
50.00 6.26 2293 95.5 0.038 15.2
6.26 5.11 1926 97.0 0.038 15.6
5.11 4.43 2290 97.8 0.039 14.8
4.43 3.96 2601 98.0 0.044 14.1
3.96 3.61 2879 98.5 0.064 9.3
3.61 3.35 3157 98.7 0.089 7.8
3.35 3.13 3361 98.9 0.142 52
3.13 2.95 3602 99.1 0.254 2.9
2.95 2.80 3814 99.2 0.411 1.8
All reflections 25923 98.2 0.057 9.5

Table 1. Data collection statistics for native data from a stabilized crystal collected at NSLS X12B.
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The quality of the data from this crystal is improved compared to the data collected at beam line X25,
although the overall intensity is a little weaker. The photon flux at beam line X12B is substantially lower
than at beam line X25 (= 30 fold). It is anticipated that this stabilized crystal will yield higher resolution data
at either NSLS beam line X25 or CHESS beam line F1. We have time at CHESS F1 in September of this
year. The photon flux at CHESS F1 is at least as good as NSLS X25.

Three methods are being explored to determine the phase information required to solve the structure.
For discussion these methods will be considered separately, although information from each approach may
be combined in producing the final phases to calculate an interpretable electron density map.

(a) The use of multiple isomorphous replacement (MIR) is being explored. In this method the positions
of heavy atoms in multiple different derivatives of the crystal are used to solve the phase problem. The
conventional method for obtaining heavy atom derivative is to soak the crystal in solutions containing a
variety of different heavy metal ions. These ions can interact with accessible functional groups in the protein
crystal such as those on methionines and histidines.

A number of potential heavy atom derivatives are currently being analyzed. This analysis is greatly
aided by the new native data that we collected at X12B. Table 2 shows details some of the data that we are
analyzing and the merging R-factor to the X12B data (Ry).

Heavy Soak X-ray Source Resolution | Completenes | I/c Rsym Riso
Atom Condition Limit s (mean)
(multiplicity)

PIP (Pt) I mM 18 h | Home 3.8A 95 % (3.5) 15.6 0.09 16.6 %
PIP (Pt) 1mM 18h | X12B A=0.9A [3.5A 55% (2.0) 12.2 0.06 16.7 %
K,PtCl, 1 mM 15h | Home 3.8A 52 % (2.8) 10.5 0.09 18.8 %
KAul, 5mM 24 h | Home 32A 91 % (2.8) 17.6 0.06 12.6 %
UO0,S0, 1 mM 18 h | Home 3.8A 61 % (2.2) 12.7 0.09 13.8 %

Table 2. Data collected for EGF:s-erbB1 crystals soaked with different heavy-atom compounds. PIP, di-p-
iodobis(ethylenediamine)diplatinum dinitrate; UO,SO,, uranyl sulfate

We are currently trying to identify heavy atom sites in these derivatives by analyzing isomorphous
and anomalous difference Patterson maps, using the programs MLPHARE'" and SOLVE". We have two
candidate heavy atom sites for the PIP derivative that are currently being refined and checked. Preliminary
analysis indicates that this would be a rather poor derivative and would not contribute greatly to the final
phases. However at this stage identifying and characterizing a derivative is a major advance.

(b) Recent developments open the possibility that we may be able to solve the structure using the
multiwavelength anomalous diffraction (MAD) phasing method'*". In this method data from a single
crystal containing several anomalous scatterers (e.g. selenium atoms) are collected at several different
wavelengths. We will generate crystals of a selenomethionine derivative of s-erbB1 in complex with wild
type EGF (EGF has no methionines). There are 10 methionines in the 621 amino acids of mature s-erbB1,
and alignment with the IGF1-R structure (see below) indicates that at least half of these will be in well-
ordered regions. If high-efficiency substitution with selenomethionine can be achieved at these positions,
there is a significant chance that the EGF:s-erbB1 complex can be solved using MAD phasing.

The selenomethionine (Se-Met) is incorporated biosynthetically by expressing the protein in cells
that have Se-Met as the only source of methionine. We have performed this many times to produce Se-Met
proteins in E. coli. The application of this method to protein expressed in insect cells is relatively new'®™,
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Bellizzi et al have modified and optimized the method for expression of secreted proteins and have solved the
structure of an insect cell expressed secreted protein using the MAD method'®"?, We have expressed a
selenomethionine analogue of s-ertbB1 (Figure 1). Sf21 cells are grown in standard serum free medium and
infected with recombinant virus as usual. Thirty six hours after infection with virus the cells are collected by
centrifugation, and transferred to a medium containing no methionine. Cells are incubated in this medium
for 4 hours to allow methionine to be cleared from the cells. Following this clearing period cells transferred
to methionine minus medium containing 50 mg/L selenomethionine. After a further 3 days, the conditioned
media is harvested and the Se-Met erbB1 purified as for the wild type protein. Pilot analysis indicated that
the expression level is not compromised by the use of Se-Met (Figure 1). Large scale production of this
derivative is currently in progress. We hope to be able to have crystals ready and tested by September when
we have beam time at CHESS F1. At that time we hope to be able to collect a single wavelength experiment.
This will allow us to find the Se sites in the crystal. If crystals look promising we will put in a separate
synchrotron beam time request for time to perform a full MAD experiment.

© The final method that may be useful in gaining phasing information is molecular replacement (MR).
The 2.6 A resolution x-ray crystal structure of the first three extracellular domains (ECD) of the insulin-like
growth factor type 1 receptor (IGF-1R) has been solved” and the coordinates have now become available.
The first three subdomains of the IGF1-R ECD are closely related to the first three (of four) subdomains in
s-ertbB1. Subdomains 1 and 3 of s-erbB1, which share 31% identity, align well with subdomains L1 and L2
of the IGF1-R ECD. Subdomains L1 and L2 of IGF1-R share 22% identity, and the C, positions of their
respective B-helix structures superimpose with a root-mean-squared deviation of 1.6 A. The sequences of
IGF1-R L1 and L2 align better with D1 and D3 of s-erbB1 than they do with one another (Figure 2),
suggesting that s-erbB1 subdomains D1 and D3 will have similar -helix structures. Molecular replacement
has be attempted using L1, L.2, and L1 plus L2 as search models, using AmoRe* and the Patterson
correlation technique in XPLOR?. Initial search models were generated by trimming all non-conserved
side-chains to the B-carbon. Thus far no clear solution has been obtained. Since appropriately trimmed L1
and L2 search models together correspond to only around 30% of the scattering power of our EGF:s-erbB1
crystal asymmetric unit (assuming 59% solvent content), it is not surprising that the a solution has not been
obtained easily. A direction currently under investigation is to use a theoretical model proposed for s-erbB1
on the basis of the x-ray crystal structure of IGF-1R® as a molecular replacement search model.
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s Key Research Accomplishments

e Native data from a stabilized EGF/s-etbB1 crystals to 2.8 A resolution has been collected
e Conditions to generate selenomethionine s-ertbB1 have been established
e A platinum EGF/s-erbB1 derivative has been identified.

Reportable Outcomes

Manuscripts:

Ferguson, K.M., Darling, P.J., Macatee, T.L., Mohan, M. and Lemmon, M.A. (2000) Extracellular Domains
Drive Homo- but not Hetero-Dimerization of ErbB Receptors. EMBO J. in press.

Abstracts:

Ferguson, K.M., Macatee, T.L., and Lemmon, M.A. (2000) Extracellular Domains are sufficient for ligand-
induced homo- but not hetero-dimerization of erbB receptors. Era of Hope Meeting for the Department of
Defense Breast Cancer Research Program.

Ferguson, K.M., and Lemmon, M.A. (2000) Structural Analysis of ligand binding by the epidermal growth
factor receptor family of tyrosine kinases. Era of Hope Meeting for the Department of Defense Breast
Cancer Research Program.

Grant Support:

NIH Grant  R21-CA87182-01 (Lemmon) 7/1/00-6/30/03
NIH/NCI $ 75,000

Based upon the results obtained by the PI during the period of this award, Mark A. Lemmon, the PT’s
mentor, has applied for and been granted a NIH Insight Award to complete the structure of the erbB1/EGF
complex and initiate attempts to crystallize erbB2. This grant will provide salary for a technical assistant and
supplies. In addition it will provide salary for the PI in subsequent years to allow continuation on this
research beyond the end of this DOD BCRP award.

Conclusions

Major advances have been made towards gaining the phasing information required to solve the
crystal structure of the EGF induced s-erbB1 homodimer. We have identified one heavy atom derivative, and
can generate selenomethionine protein that may allow the use of the MAD phasing method.

Knowledge of the structure of the EGF activated erbB1 dimer will be extremely valuable in
understanding the mechanism of activation of the erbB family of receptors. The ultimate goal of this study is
to gain a structural view of the ectodomain of erbB2 in a ligand induced heterodimer with erbB1. In turn this
should allow design of novel strategies for therapeutic intervention in breast cancer.
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erbB1. Duplicate cultures

of Sf21 cells were infected with recombinant s-erbB1, and treated as described in text. For samples on
the left, 50 mg/L methionine was added in the final incubation period, whereas for samples on the right,
50 mg/L for selenomethionine was used. Fractions eluting from a Ni-NTA column with increasing
concentrations of imidazole are shown for each case. As is evident the expression levels are only slightly

reduced when using the Se-Met.

IGF1R L1 [EICGP. OORN......... DYOQLKRLENCTVI hELLISKA ......... EDYRS
EGFR D1  [KVCPR.. INKLTQLGTFEDHFLSLORMFNNCEV V! OTYVORN. . . v vveen . YD
EGFR D3  [KVCN....BJIGEFKDSLSI. .NATNIKHFRNCTS I SGPILHILPVAFRGDSFTHTPPLDPQE
IGF1R L2 [KVCEEEKKITKTIID.......... SVTSAQMLYGCTILF {JINTRRGN. . .. ... NIASELE
IGF1R L1 YRFP LLFRVAGLESLGDLFPNLI'VLRGWKLEY . N EM KDIL). ..
EGFR D1 LSFL LIALNT.VERI. . PLENLDITRGNMYYENS SN KT EL
EGFR D3 LDIL LILIOAWPENRTDLHAFE) ILERGRTKQHGQ SL.NLTSL
IGF1R L2 NFMG IRHSHALVSLS.FL RLILGEEQLEGN| DN QOL
IGFIR L1 . .[YNLRNfrrRERIRIE CYLSTVDSLILD. . .AVS . .GNgP

EGFR D1 P LOEMNLHGRVRES ALCNVESIQ IVS...SDFLS MDFONHLGESCPRK

EGFR D3 . .RSUKEISDEDVITISG CYANTI KLFGT. . SGQKT . . SNRGENISC

IGFIR L2 D .TIC FAFNPKLCVSEIY EVTGTKGRQSKG T

Figure 2 Alignment of the ligand-binding subdomains of EGF receptor (D1 and D3) with the

equivalent subdomains in the IGF1 receptor ECD (L1 and L2). Sequence identities in the alignments are:
L1 r/L2i6r1r0 22%35 D1y /D3 g1, 31%; Lligry 2D 1eprs 25%; Lligpy #/D3eriprs 29%; L2igpy.

R/D]'erbBla 26%; LZIGFI-R/D3erbB1’ 25%.
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Many different growth factor ligands, including epi-
dermal growth factor (EGF) and the neuregulins
(NRGs), regulate members of the erbB/HER family of
receptor tyrosine kinases. These growth factors induce
erbB receptor oligomerization, and their biological
specificity is thought to be defined by the combination
of homo- and hetero-oligomers that they stabilize
upon binding. One model proposed for ligand-induced
erbB receptor hetero-oligomerization involves simple
heterodimerization; another suggests that higher
order hetero-oligomers are ‘nucleated’ by ligand-
induced homodimers. To distinguish between these
possibilities, we compared the abilities of EGF and
NRG1-81 to induce homo- and hetero-oligomerization
of purified erbB receptor extracellular domains. EGF
and NRG1-B1 induced efficient homo-oligomerization
of the erbBl and erbB4 extracellular domains,
respectively. In contrast, ligand-induced erbB recep-
tor extracellular domain hetero-oligomers did not
form (except for s-erbB2-s-erbB4 hetero-oligomers).
Our findings argue that erbB receptor extracellular
domains do not recapitulate most heteromeric inter-
actions of the erbB receptors, yet reproduce their
ligand-induced homo-oligomerization properties very
well. This suggests that mechanisms for homo- and
hetero-oligomerization of erbB receptors are different,
and contradicts the simple heterodimerization hypoth-
esis prevailing in the literature,

Keywords: dimenization/growth factor/scattering/
signaling/tyrosine kinase

Introduction

The epidermal growth factor (EGF) receptor is the
prototype of the erbB family of receptor tyrosine kinases
(RTKs) that also includes erbB2 (HER-2 or Neu), erbB3
(HER-3) and erbB4 (HER-4) (Carraway and Cantley,
1994; Alroy and Yarden, 1997; Riese and Stern, 1998).
Each erbB receptor contains an extracellular ligand-
binding domain of 600-630 amino acids, a single
transmembrane a-helix, plus an intracellular domain of
~600 amino acids that includes the tyrosine kinase and
regulatory sequences (Schlessinger and Ullrich, 1992). It
was established more than a decade ago for the EGF
receptor (erbBl) that growth factor-induced receptor

oligomerization is critical for transmembrane signaling
(Schechter et al., 1979; Schlessinger, 1979; Yarden and
Schlessinger, 1987a,b). It is now generally accepted that
the cytoplasmic tyrosine kinases of two (or more) RTKs in
a growth factor-induced dimer (or larger oligomer)
mutually activate one another through transphosphoryla-
tion (Honegger et al., 1990; Lemmon and Schlessinger,
1994; Heldin, 1995; Hubbard et al., 1998). Several
downstream signaling molecules are then recruited to the
phosphorylated receptor, specified by its complement of
regulatory tyrosine phosphorylation sites (Songyang et al.,
1993; Schiessinger, 1994).

Many cells co-express multiple members of the erbB
receptor family, which can form both homo- and hetero-
oligomers upon stimulation with growth factor ligands
(Heldin, 1995). Oligomers containing almost every pos-
sible pairwise combination of erbB receptors have now
been reported (reviewed by Carraway and Cantley, 1994;
Alroy and Yarden, 1997; Riese and Stern, 1998). The
carliest evidence for hetero-oligomerization of erbB
receptors came from the finding that erbB2 can be
activated by EGF, despite the fact that it does not bind
directly to this ligand. EGF is only able to activate erbB2
when erbB1 is also present in the same cell, suggesting
‘transmodulation’ of erbB2 as a result of its EGF-induced
hetero-oligomerization with erbBl1 (King er al., 1988;
Stern and Kamps, 1988; Wada et al., 1990; Goldman et al.,
1990; Spivak-Kroizman er al., 1992).

There are >10 distinct ligands that activate erbB
receptors. Three of these have been classified as '‘EGF
agonists’ (Riese and Stern, 1998), since they bind directly
to only erbB1 [EGF, transforming growth factor-a. (TGF-
o) and amphiregulin]. Four (or more) of the ligands are
specific for erbB3 and/or erbB4 (the neuregulins; NRGs),
while a further three have been classified as ‘bispecific’
and bind directly to both erbB1 and erbB4 [betacellulin,
epiregulin and possibly heparin-binding EGF-like factor
(HB-EGF)] (Riese and Stern, 1998; Harari et al., 1999;
J.T.Jones et al., 1999, and references therein). The EGF
agonists activate erbB1 when it is expressed alone, but also
transmodulate erbB2, erbB3 and erbB4 in an erbBl-
dependent manner. Similarly, the NRGs activate erbB4
directly, but can also transactivate erbB1 or erbB2 when
erbB4 or erbB3 are also present (Riese er al., 1995).
Finally, the bispecific ligands appear to activate erbB1 and
erbB4 when either is expressed alone, and to transmodu-
late erbB2 and erbB3 via these receptors (reviewed by
Alroy and Yarden, 1997; Riese and Stern, 1998). ErbB2,
which is of particular medical interest as a target of breast
cancer therapies (Sliwkowski er al., 1999), has no known
ligand and can only be activated in trans by ligands in
these three classes. In fact, erbB2 is considered to be a
preferred hetero-oligomerization partner for all of the
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other erbB receptors (Karunagaran et al., 1996; Graus-

Porta et al., 1997).
Several possible mechanisms for erbB receptor trans-

modulation have been considered. In the simplest and
most often discussed, transmodulation is proposed to
result from ligand-induced receptor heterodimerization
(Alroy and Yarden, 1997; Burden and Yarden, 1997; Riese
and Stern, 1998). According to this mechanism, a ligand
stimulates two receptors to come together. If the two
receptors are identical, this is homodimerization; if not, it
is heterodimerization. Either way, the two receptors in the
dimer become activated by transphosphorylation, and
transmembrane signaling is achieved. Several studies
argue that erbB receptor extracellular domains are suffi-
cient for their hetero-oligomerization (Qian ef al., 1994),
and combinatorial receptor (homo- or hetero-) dimeriza-
tion could be driven by simultaneous binding of bivalent
erbB ligands to the extracellular domains of two receptor
molecules (Lemmon er al., 1997, Tzahar er al., 1997).
Different bivalent ligands could stabilize distinct receptor
homo- and/or heterodimers depending on the combination
of binding sites that they contain.

An alternative view is that growth factors such as EGF
induce only homodimerization of the erbB receptors to
which they bind directly. The resulting receptor homo-
dimers may then activate in trans the erbB receplors to
which the ligand does not bind, through quite different
mechanisms. For example, transmodulation of erbB2 by
EGF could simply involve phosphorylation of erbB2 as a
substrate for the activated EGF receptor. Another possi-
bility (Huang et al., 1998) is that EGF-induced erbB1
homodimers could provide an interface at which dimer-
ization of erbB2 is promoted. ErbB2 could thus become
activated by ‘proxy’ in the context of an (erbB1),(erbB2),
heterotetramer. A model of this sort could explain the
surprising observation that a kinase-negative form of
erbBl can transmodulate erbB2 upon EGF binding
(Wright ez al., 1995).

In order to determine whether erbB receptor homo- and
hetero-oligomerization occur through similar mechanisms,
we have studied the effects of ligand binding on the

s-erbB1
‘s-erbB2
‘s-erbB3
s-erbB4
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Fig. 1. SDS-PAGE (7.5%) of the purified s-erbB proteins used for
analysis of ligand-induced homo- and hetero-oligomerization. Purified
protein (15 R1) was loaded at 2 concentration of | mg/ml, and the gel
was stained with Coomassie blue. Molecular mass standards were
loaded in the lefi-most lane, and are marked.

assembly of isolated erbB receptor extracellular domains.
We reported previously that the isolated erbBl extra-
cellular domain (s-erbB1) homodimerizes quantitatively
upon binding to EGF or TGF-a. (Lemmon et al., 1997).
Here, we show that NRG1-B1 can also induce homo-
oligomerization of the erbB4 extracellular domain. In
contrast, ligand-induced hetero-oligomerization appears to
be the exception rather than the rule for erbB receptor
extracellular domains. While NRG1-B1 can induce the
formation of hetero-oligomers that contain the erbB2 and
erbB4 extracellular domains, no evidence could be
obtained for EGF-induced formation of any extracellular
domain hetero-oligomer. These findings indicate that erbB
receptors form homo- and hetero-oligomers through quite
different mechanisms, and that transmodulation of erbB
receptors is most probably nucleated by a ligand-induced
erbB1 or erbB4 homodimer.

Results

High-affinity ligand binding by recombinant s-erbB
proteins

To investigate the ligand binding and dimerization prop-
erties of soluble erbB receptor extracellular domains
(s-erbBs), we first established methods for their production
in milligram quantities by secretion from baculovirus-
infected Sf9 cells (Figure 1). Using surface plasmon
resonance (BIAcore), we next measured binding of each
purified s-erbB protein to both EGF and NRG1-B1 that
were immobilized on BlAcore CM-5 sensor chips. The
s-erbB proteins were passed across these surfaces at a
variety of concentrations, and the maximum response
observed was plotted against s-erbB concentration to
generate the binding curves shown in Figure 2A. As
anticipated, s-erbBl bound strongly to the EGF-deriva-
tized sensor surface (Kp = 118 nM), but not to surfaces
carrying NRG1-B1 or to surfaces with no ligand. Both
s-erbB3 and s-erbB4 bound strongly to the NRG1-Bl
surface (Kp values of 249 and 179 nM, respectively; see

-~ Table I), but not to the EGF-derivatized surface. In

contrast, s-erbB2 did not bind to any of the surfaces tested
(Figure 2A). We repeated these experiments using 1:1
mixtures of different s-erbB proteins (e.g. s-erbB2 plus
s-erbB3 or s-erbB4) to determine whether free s-erbB
proteins might hetero-oligomerize, leading to significant
alterations in their apparent ligand-binding affinities. In
these studies, mixing s-erbB proteins had no detectable
influence on their ligand-binding properties (not shown),
arguing that s-erbB hetero-oligomers (if they form) do not
bind the immobilized ligands with a significantly higher
affinity than single s-erbB species.

s-erbB1 and s-erbB4 homo-oligomerize upon
ligand binding, while s-erbB3 does not
To analyze ligand-induced dimerization of s-erbB
proteins, we employed multi-angle laser light scattering
(MALLS) and sedimentation equilibrium analytical ultra-
centrifugation, both of which give information on mol-
ecular mass changes that is independent of molecular
shape (Cantor and Schimmel, 1980).

Multi-angle laser light-scattering studies. MALLS
allows the weight-averaged molecular mass (M,,) of
proteins in solution to be measured rapidly over a wide
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Table L. Ligand binding by s-erbB proteins

KD (nM)
Ligand s-erbBl s-erbB2 s-erbB3 s-erbB4
EGF 118 = 41 none >104 >104
NRG-B1 >10°8 none 249 * 80 179 = 10

Ko values measured using BIAcore for binding of s-erbB proteins to
immobilized EGF and NRG1-B1. Means of at least four independent
determinations are quoted alongside their standard deviations.

range of protein concentrations (see Materials and
methods). MALLS measurements gave an M, value of
77 = 8 kDa for purified s-erbB1 alone. When EGF is
titrated effectively into an s-erbB1 solution (with fixed
s-erbB 1 concentration), M,, increases in a linear fashion
until one molar equivalent of EGF has been added to
s-erbB1 (Figure 3A). At this point, M,, is 2.2-fold higher
than that measured for s-erbB1 alone, suggesting EGF-
induced formation of a dimeric complex containing two
EGF molecules plus two molecules of s-erbB1, as we have
observed with other methods (Lemmon er al., 1997). No
further increase in M, is seen when EGF is added in
excess, arguing that higher order oligomers of s-erbB1 do
not form. The curve through the data in Figure 3A
represents the results expected if EGF binds to monomeric
s-erbB1 with a Kp = 118 nM (Table I), and the resulting
1:1 (EGF:s-erbB 1) complex dimerizes completely. The Kp
for this dimerization event (which is complete at 4 pM
s-erbB1) appears to be <0.1 pM, based on additional

.erbB4 to EGF (left) and NRGI-B1 (right), immobilized on a BlAcore sensor chip.
hown. Errors are standard deviations from the mean of at least four independent

fits are listed in Table 1. (B) Representative raw BIAcore data for s-erbB3 flowed in
G1-B1 (right) at a series of different concentrations (marked on each curve in nM).

MALLS studies at low concentration and gel filtration
experiments (not shown).

Similar MALLS studies of s-erbB4 gave a M, of
82 * 6 kDa that increased by a factor of >2 as NRG1-f1
was added (Figure 3B). In this case, the maximum M,
value was not reached until more than two equivalents of
NRG1-B1 had been added. Furthermore, the final M,
value (~235 kDa) was higher than expected for a dimeric
s-erbB4-NRG1-B1 complex. These data therefore suggest
that NRG1-B1 is able to induce formation of s-erbB4
oligomers that are larger than dimers. Without more
detailed analysis at significantly higher protein concentra-
tions and at larger excesses of ligand, we cannot determine
the maximum oligomeric state. However, an increase of
nearly 3-fold in M,, (at an NRG1-B1:s-erbB4 ratio of 3:1)
is equally consistent with the formation of s-erbB4 trimers
and with the formation of a mixture that contains 50% of
the s-erbB4 as dimers plus 50% as tetramers.

We also used MALLS to analyze the ability of
NRG1-B1 to induce s-erbB3 oligomerization. As shown
by a single data point in Figure 3B (and confirmed in
centrifugation studies described below), addition of a 2-
fold excess of NRG1-B1 did not increase the M,, measured
for s-erbB3 above that measured for s-erbB3 alone
(90 = 4 kDa). This finding is consistent with a previous
report (Horan ez al., 1995), and does not reflect a lack of
NRG1-B1 binding by s-erbB3 (see Figure 2B and Table I).
Addition of neither EGF (Figure 3A) nor NRG1-Bl (not
shown) altered the value measured for s-erbB2 (78 = 10
kDa), as expected since neither ligand binds to this protein
(Figure 2A).

Analytical ultracentrifugation. Sedimentation equilib-
rium experiments gave the same results for ligand-induced
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Fig. 3. MALLS studies of EGF-induced homodimerization of s-erbB1-
(A) and NRG!-P1-induced homo-oligomerization of s-erbB4 (B). The
weight-averaged molecular mass (M,,) of s-erbB1:EGF mixtures
(relative to for s-erbB] alone), as determined by MALLS (see
Materials and methods), is plotted against the EGF:s-erbB1 ratio in the
mixture. Quantitative EGF-induced s-erbB |l homodimerization is
shown (filled squares). The solid line represents the expected results for
a mode] in which EGF binds s-erbB1 with 2 Kp of 118 nM, and the
resulting 1:1 complex dimerizes with a Kp of 100 nM (see text). The
single open diamond in (A) shows one point for a similar experiment
with s-erbB2. demonstrating that s-erbB2 does not dimerize when EGF
is added (see also Figure 4B). In (B), the same experiment is shown for
NRG1-B1 binding to s-erbB4 (filled triangles), which it causes to
oligomerize. Also in (B), a single point (open circle) shows the failure
of NRGI-BI to induce s-erbB3 homo-oligomerization. Error bars
correspond (o the standard deviations for the mean of three or more
experiments. The concentration of s-erbB protein was 4 uM in each
experiment.

s-erbB protein homo-oligomerization. Figure 4 shows
typical data from sedimentation equilibrium experiments
(at 6000 r.p.m.) in which 5 uM samples of each s-erbB
protein were centrifuged both with (filled symbols) and
without (open symbols) a 2-fold molar excess of the most
relevant growth factor ligand. Data obtained with the
ligand-free s-erbB proteins can be fit, using a mode! that
assumes a single non-ideal species, to give molecular mass
estimates of 81 * 1 kDa (s-erbB1), 80 = 3 kDa (s-erbB2),
82 = 7 kDa (s-erbB3) and 81 * 3 kDa (s-erbB4). The
residuals for these fits, plotted above the data in Figure 4,

4

are both small and random, indicating good fits. When
EGF is added to s-erbB1 (Figure 4A), or NRG1-Bl is
added to s-erbB4 (Figure 4D), the radial distribution plots
suggest a substantial increase in molecular mass (with
material accumulating at higher radii). Since the molecular
masses of EGF and NRG1-B1 are only 6 and 8 kDa,
respectively (Lemmon et al., 1997; data not shown), and
those of s-erbB1 and s-erbB4 are ~80 kDa, this effect can
only be explained by homo-oligomerization of the s-erbB
proteins upon addition of the relevant growth factor. The
data for s-erbB:ligand mixtures can be fit using a model
that assumes two ideal species: the ligand-receptor
complex and excess ligand. Using this model, the masses
of s-erbB1-EGF and s-erbB4-NRG1-f1 complexes are
estimated as 159 * 10 kDa and 146 * 18 kDa, respect-
ively (residuals for these fits are shown in Figure 4A and
D), consistent with the ligand-induced oligomerization of
these extracellular domains seen by MALLS. In other
sedimentation experiments (not shown), TGF-o and HB-
EGF were also found to induce formation of s-erbBl
homo-oligomers (assumed dimers). As with MALLS,
sedimentation equilibrium studies of s-erbB4:NRG1-B!
mixtures at higher s-erbB4 concentrations and larger
ligand excesses (not shown) suggested that NRG1-B1
induces formation of s-erbB4 oligomers larger than
dimers. However, we have not yet been able to determine
whether these are trimers or mixtures of different
oligomers.

In contrast to the findings for s-erbB1 and s-erbB4, no
indication of ligand-induced oligomerization was seen
when EGF was added to s-erbB2 (Figure 4B), or when
NRG1-B1 was added to either s-erbB3 (Figure 4C) or
s-erbB2 (see below). The data for the s-erbB2:EGF
mixture were best fit as a combination of free EGF and
free s-erbB2 (82 = 12 kDa), and those for the
s-erbB3:NRG1-B1 mixture fit best as free NRG1-BI
(8 kDa) plus a 1:1 s-erbB3-NRGI1-B1 complex of
83 = 17 kDa.

ErbB1 and erbB2 extracellular domains do not
heterodimerize upon EGF binding

Having confirmed that EGF induces s-erbB! homodimer-
ization, and that NRGI1-B1 induces s-erbB4 homo-
oligomerization, we next investigated the ability of erbB
ligands to induce heterodimerization of erbB receptor
extracellular domains. As described in the Introduction,
the most well-studied example of erbB receptor transmo-
dulation involves erbB1 and erbB2. Since EGF induces
complete homodimerization of s-erbB1, we expected from
the simple heterodimerization model for erbB receptor
transmodulation that EGF should also induce the forma-
tion of s-erbB 1-s-erbB2 heterodimers.

Contrary to these expectations, heterodimer formation
could not be observed in MALLS studies when EGF was
added to a 1:1 mixture of s-erbB1 and s-erbB2. Instead,
EGF induced homodimerization of s-erbB 1 in the mixture,
while s-erbB2 remained monomeric. As shown in
Figure SA, titration of EGF into a solution containing
4 UM (crossed-squares) or 8 uM (filled squares) s-erbB1
alone caused complete dimerization. M, reached a
maximum value (~2-fold) after addition of EGF to ~4
and 8 M, respectively, as expected for the formation of a
2:2 EGF:s-erbB | dimer. If EGF-induced heterodimeriza-
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5 UM for each sample. All experiments shown were performed at 6000 r.p.m. Repeats at 9000 and 12 000 r.p.m. gave the same results. Residuals for
the fits described above are shown, and are seen to be both small and random, indicative of a good fit. EGF induced homo-oligomerization of s-erbB|

only, while NRG1-B1 induced homo-oligomerization of s-erbB4 only.

tion of s-erbBl with s-erbB2 were similarly strong,
MALLS data for a 1:1 s-erbBl:s-erbB2 mixture (8 uM
total receptor) should resemble that seen for 8 pM s-erbB1
alone. However, EGF addition to such a 1:1 mixture
(diamonds in Figure 5A) induced a maximum M,, increase
of only 1.6-fold, and this maximum was reached at 4 uM,
not 8 UM, total EGF. Homodimerization of just s-erbB1 (at
4 pM) in this mixture would be maximal at 4 uM EGF
according to the data in Figure 3A. Furthermore, a 1.6-fold
increase in M, is exactly what is expected if s-erbBl
homodimerizes (yielding 174 kDa s-erbB 1 dimers at 2 uM)
while s-erbB2 remains monomeric (80 kDa s-erbB2
monomers at 4 uM). Therefore, EGF does not induce
heterodimerization of s-erbB] with s-erbB2—or at least
the Kp for this heterodimerization event is sufficiently

weak to be undetectable under these conditions (where
s-erbB1 homodimerization is complete).

Sedimentation equilibrium experiments also argue
strongly against EGF-induced s-erbB1-s-erbB2 hetero-
dimerization. For a set of experiments performed at
6000 r.p.m., the natural logarithm of absorbance at
290 nm (proportional to protein concentration) is plotied
in Figure 5B against (2 — r,2)/2, where r is the radial
position in the sample, and r, the radial position of the
meniscus. For an ideal single species, this plot is linear and
the gradient of the line [Mw?(1 -V,p/RT] is proportional to
the molecular mass (M) of the ideal species (Cantor and
Schimmel, 1980). The data for s-erbB1 or s-erbB2 alone fit
well to a straight line with a gradient that suggests a
molecular mass of ~80 kDa in each case. When two molar
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Fig. 5. (A) A MALLS experiment demonstrating that, while EGF
induces complete homo-dimerization of s-erbB1 at 4 uM (crossed
squares) or 8 uM (filled squares), it does not induce the formation of
heterodimers between s-erbB2 and s-erbB| (open diamonds). The
experiment was performed as described for Figure 3. With 4 uM
s-crbB 1, complete dimerization is seen afier addition of 4 uM EGF
(note that the horizontal axis here is EGF concentration, and not
ligand:receptor ratio). With 8 uM s-erbB1, addition of 8 puM EGF is
required for complete dimerization. When the 1:1 s-erbB1:s-erbB2
mixture is studied, with a total s-erbB protein concentration of 8 uM,
only 4 uM EGF is required for maximal dimerization, and the
maximum fold increase in M,, is consistent only with a mixture of
s-erbB| homodimers and s-erbB2 monomers. Lines are drawn to guide
the eye, and do not represent fits to the data. (B) Plots of the natural
loganthm of absorbance at 290 nm (monitoring protein concentration)
against a function of the radius squared (r? — r,)/2 (see text for
explanation) for sedimentation equilibrium analytical
ultracentrifugation data obtained at 6000 r.p.m. with s-erbB1 and
s-erbB2. For an ideal single species, this representation of the data
should appear as a straight line with a gradient proportional to the
molecular mass (see text). When analyzed alone, both s-erbB1 (open
squares) and s-erbB2 (filled diamonds) yield good straight lines, with
gradients proportional to their monomeric molecular masses (see also
fits in Figure 4). Each sample contained a total s-erbB concentration of
10 uM. The increase in gradient for the s-erbB1/s-erbB2/EGF mixture
(crosses) is consistent with the formation of s-erbB1 homodimers only,

equivalents of EGF were added to s-erbB1, the gradient of
the best straight line (filled squares) was increased
substantially over that for s-erbBl alone, because of
EGF-induced s-erbB1 homodimerization. When the same

~

excess of EGF was added to a 1:1 s-erbB1:s-erbB2 mixture
(two EGFs added per s-erbB molecule), the data fit less
well to a straight line (indicating multiple species), and the
gradient of the best line was increased only slightly over
that for s-erbB1 or s-erbB2 alone. Similar experiments at
substantially higher receptor concentrations also failed to
provide evidence for erbBl-erbB2 hetero-oligomeriza-
tion. Thus, as seen with MALLS, analytical ultracentrifu-
gation studies suggest that EGF induces homodimerization
of s-erbB1 in a s-erbB1:s-erbB2 mixture, while s-erbB2
remains monomeric.

These biophysical studies show that the isolated
extracellular domains of erbB1 and erbB2 do not associate
with one another in a heterodimer (or any other oligomer)
upon EGF addition, whereas s-erbBl homodimerizes
efficiently upon EGF binding (Figures 3, 4 and 5) and
EGF-dependent co-immunoprecipitation of intact erbBl
and erbB2 has been reported by many groups. In studies
not shown, we attempted to detect s-erbBl-s-erbB2
interactions using chemical cross-linking and co-immu-
noprecipitation approaches, and obtained only negative
results (although s-erbBl homodimers could be seen
readily by chemical cross-linking). We therefore suggest
that, while the extracellular domain is sufficient for EGF-
induced homodimerization of erbBl, extracellular
domains are not capable of driving receptor hetero-
oligomerization. Before concluding this, however, an
important caveat must be considered. Since erbB2 has
no known ligand, we cannot validate the functional
integrity of Sf9 cell-derived s-erbB2 by virtue of its ligand
binding, as was possible with s-erbBl, s-erbB3 and
s-erbB4 (Figure 2). However, we believe that s-erbB2 is
functional, since it appears to form NRG1-induced hetero-
oligomers with s-erbB4 (see below).

ErbB1 and erbB4 extracellular domains do not
hetero-oligomerize upon EGF or NRG1-81 binding
Evidence for hetero-oligomerization (or transmodulation)
of erbB1 and erbB4 upon treatment of cells with either
EGF or NRG has been reported by several groups (Riese
et al., 1995, 1996; Cohen er al., 1996; Zhang et al., 1996;
FE.Jones et al., 1999). We therefore used analytical
ultracentrifugation to investigate whether EGF and
NRG1-B1 induce s-erbBl-s-erbB4 heterodimerization.
Since we know that s-erbBl and s-erbB4 are both
competent to homo-oligomerize upon binding of EGF
and NRG1-B1, respectively, we can be confident that these
proteins are functionally active.

A series of sedimentation equilibrium experiments was
performed with 1:1 mixtures of s-erbB1 and s-erbB4, with
the same total receptor concentration (8 pM) in each case
(Figure 6). When no ligand was added, the gradient of the
straight line through the data gives an average monomeric
molecular mass of ~80 kDa. Addition of EGF to a
concentration twice that of total receptor (i.e. two EGF
molecules per s-erbB1 molecule plus two EGF molecules
per one s-erbB4) increases the gradient of the straight line
only slightly (circles in Figure 6), suggesting that some
oligomerization is induced. Addition of only NRG1-B1 to
the same final concentration gives a similar result
(triangles in Figure €). Since ligand is not limiting in
either of these cases, we hypothesized that these small
increases in gradient result from homo-oligomerization of
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Fig. 6. Analytical ultracentrifugation data, presented as In(Abs) against
(72 = r)2 plots, to study s-erbBl-s-erbB4 hetero-oligomerization. The
s-crbBi:s-erbB4 mixture (8 uM total [s-erbB)) without ligand gives a
straight line with the gradient expected for monomeric protein (open
squares). Addition of EGF alone (16 puM) or NRG alone (16 uM)
results in a modest increase in molecular mass that is consistent with
homo-oligomerization of one species only (gray circles and triangles,
respectively). Addition of both EGF and NRG (8 uM each) results in a
substantially larger increase in the gradient (black squares), indicating
that both species homo-oligomerize independently, and do not form
hetero-oligomers (see text for explanation).

just s-erbB1 when EGF is added, and of just s-erbB4 when
NRG1-B1 is added. If this is true, an identical sample
containing the same total ligand concentration, but as a 1:1
mixture of EGF and NRGI1-Bl (i.e. with two EGF
molecules per s-erbBl1 molecule plus two NRGI-B1
molecules per one s-erbB4), should give a substantially
steeper gradient, by inducing independent homo-oligo-
merization of both s-erbBl and s-erbB4. Indeed, the
steepest line in Figure 6 (filled squares) shows this to be
the case, arguing that s-erbB1 and s-erbB4 do not form
hetero-oligomers under these conditions—with either EGF
or NRG1-Bl1.

Evidence for NRG1-§1-induced hetero-
oligomerization of s-erbB4 and s-erbB2

The experiments described above show that EGF does not
induce hetero-oligomerization of s-erbB1 with s-erbB2 or
s-erbB4. Other experiments showed that EGF does not
induce the formation of s-erbBl-s-erbB3 or s-erbB2-
s-erbB3 hetero-oligomers, and that NRG1-B1 does not
drive the interaction of s-erbB1 with s-erbB3 (not shown).
Therefore, although EGF-induced s-erbB1 homodimeriza-
tion is highly efficient, s-erbB! does not participate in
formation of any s-erbB hetero-oligomer. Furthermore,
EGF cannot induce the formation of any s-erbB hetero-
oligomer. To compare these properties of EGF with those
of NRG1-B1, we next tested the ability of NRG1-B1 to
induce formation of a series of s-erbB dimers (Figure 7).
Using linearized sedimentation equilibrium data as a
qualitative guide, Figure 7A, B and C shows that
NRG1-B1 induces homo-oligomerization of s-erbB4 (see
also Figures 3B and 4D), but not s-erbB2 or s-erbB3. The
data for s-erbB4 homo-oligomerization (from Figure 7A)
are superimposed upon all other graphs in Figure 7 to aid

erbB receptor homo- and hetero-dimerization

comparison. NRG1-B1 addition to a s-erbB2:s-erbB3
mixture caused a slight increase in the gradient of the
best straight line through the data (Figure 7D), suggesting
that there may be very weak hetero-oligomerization of
these proteins (although much weaker than s-erbB4
homo-oligomerization). The data obtained with a
s-erbB3:s-erbB4 mixture (Figure 7E) are most consistent
with NRG1-B1 inducing independent homo-oligomeriza-
tion of s-erbB4, with no effect on s-erbB3 (as seen for
NRG1-81 addition to a s-erbB1/s-erbB4 mixture)—and
therefore do not suggest a hetero-oligomerization event.
Figure 7F shows the most interesting of these results,
and represents the only data in this study that argue
for ligand-induced s-erbB hetero-oligomerization. In
the absence of NRGI-B1, sedimentation of the
s-erbB2:s-erbB4 mixture is indistinguishable from that of
unliganded s-erbB4. When NRG1-P1 is added, sedimen-
tation of the s-erbB2:s-erbB4 mixture is almost identical to
that seen with s-erbB4 alone (at the same total s-erbB
concentration). This argues that NRGI1-8$1 addition
induces the same increase in average molecular mass
regardless of whether all of the s-erbB molecules in the
sample are s-erbB4, or half of them are s-erbB2. There are
two possible explanations for this. One is that NRG1-f1
can induce homo-oligomerization of s-erbB2 (as well as
that of s-erbB4), which Figure 7B shows to be false. The
other explanation is that hetero-oligomers containing
s-erbB2 plus s-erbB4 are induced by NRG1-B1 with an
efficiency similar to s-erbB4 homo-oligomerization.
Independent MALLS studies (not shown) also showed
that the addition of 1.5-fold molar excess of NRG1-Bl
induces the same increase in weight-averaged molecular
mass for a 1:1 s-erbB2:s-erbB4 mixture as it does for a
solution of s-erbB4 alone, again suggesting NRG!-f1-
induced s-erbB2-s-erbB4 hetero-oligomerization.

Discussion

Using analytical ultracentrifugation and MALLS, we have
shown that EGF induces efficient homodimerization of the
EGF receptor extracellular domain (s-erbB1), but does not
induce formation of any detectable hetero-oligomers (or
other homo-oligomers) of erbB receptor extracellular
domains. Similar studies with NRG1-§1 showed that this
ligand induces efficient homo-oligomerization of the
erbB4 extracellular domain (s-erbB4), but no other
s-erbB homo-oligomers. The s-erbB4 oligomers induced
by NRG1-B1 appear to be larger than dimers, although we
have not yet established their maximum size. As well as
inducing s-erbB4 homo-oligomerization, NRG1-B! ap-
pears to stabilize the formation of hetero-oligomers
containing both s-erbB4 and s-erbB2. The qualitative
results of our studies are summarized in Table II.

Comparisons with previous studies

The K value reported in Table I for EGF binding by
s-erbB1 (118 nM) is comparable with values previously
reported (100-500 nM) for EGF binding by monomeric
s-erbB1 (Greenfield er al., 1989; Giinther er al., 1990;
Hurwitz ef al., 1991; Lax er al., 1991; Zhou et al., 1993;
Brown er al., 1994, Lemmon et al., 1997). However, the
data in Figure 3A suggest that the s-erbB1 used here
dimerizes at least 15-fold more strongly upon EGF binding
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Fig. 7. Plots of In(Abs) against (r? - r,2V2 for different pairwise mixtures of s-erbB2, s-erbB3 and s-erbB4 with (open symbols) and without (filled
symbols) added NRG1-B1. (A) The increase in gradient of the In(Abs) against (r2 - r,2)/2 plot that results from NRG1-1-induced homo-
oligomerization of s-erbB4. Lines corresponding to these dala are superimposed in gray on each other graph in the figure. (B and C) NRG1-B! fails 1o
induce homo-oligomerization of s-erbB2 or s-erbB3. The data in (D) suggest that s-erbB2 and s-erbB3 may form very weak hetero-oligomers upon
NRGI-B1 addition. As seen for s-erbB | and s-erbB2 in Figure 5B, the data in (E) argue that s-erbB3 does not form hetero-oligomers with s-erbB4.
The correspondence (F) of the line for the s-erbB2/s-erbB4 + NRG1-f| sample with that for NRG1-B|-induced s-erbB4 oligomers shown in (A)
indicates that NRG1-B! can induce formation of s-erbB2-s-erbB4 hetero-oligomers (see text for details). Experiments were performed with a total
s-erbB concentration of 10 uM, to which was added a 2-fold molar excess of NRG1-81.

than matenial used in our earlier studies. Whereas the Kp
for dimerization of a 1:]1 EGF:s-erbBl complex was
estimated previously as 3.3 uM (Lemmon et al., 1997), in
which case it would be <50% dimeric in Figure 3A, the
protein used in this study remained completely dimeric at
concentrations as low as 250 nM (not shown). This
difference may reflect the fact that, rather than using
chaotropes to elute the protein from immunoaffinity
columns, s-erbB1 produced for this study was purified
under milder conditions, using metal affinity chromato-
graphy (see Materials and methods).

~

The Kp value reported for s-erbB3 binding to the EGF
domain of NRG1-B1 (249 nM; Table I) is ~10-fold weaker
than the value reported for its binding to fuli-length
NRG1-B2 in analytical ultracentrifugation studies (Horan
et al, 1995). This difference may reflect the use of
alternative NRG1-B isoforms in the two studies or, more
likely, a contribution to s-erbB3 binding by regions of full-
length NRG1-B2 outside the EGF domain (although the
EGF domain is sufficient for all known biological
activities of NRG1; Holmes er al,, 1992). In agreement
with our findings (Figures 4C and 7), Horan er al. (1995)
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Table II. Summary of ligand-induced s-erbB oligomers observed

s-erbB1 s-erbB2 s-erbB3 s-erbB4

EGF NRGI-f1 EGF NRGI1-1 EGF NRG!-f1 EGF NRGI-B!
s-erbB1 homo - - - - - -
s-erbB2 - - hetero (weak) - hetero
s-erbB3 - - -
s-erbB4 - homo

did not detect s-erbB3 homodimerization or s-erbB2-
s-erbB3 heterodimerization upon NRG1-B2 binding.

Implications for erbB receptor oligomerization

As stated in the Introduction, we set out to test the
hypothesis that the mechanism of erbB receptor transmo-
dulation involves simple formation of receptor hetero-
dimers upon binding to one or another bivalent ligand
(Alroy and Yarden, 1997; Lemmon e al., 1997, Tzahar
etal., 1997). We found that, in common with almost every
other RTK extracellular domain that has been studied
(Lemmon and Schlessinger, 1994; Heldin, 1995), the
erbBl and erbB4 extracellular domains form homo-
oligomers upon binding to their respective ligands (EGF
and NRGI1-B1). As with other well-characterized exam-
ples, this homo-oligomerization may be driven by bivalent
erbB ligand binding. However, we could only detect the
formation of one of the six possible pairwise s-erbB
hetero-oligomers; s-erbB4 forming co-oligomers with
s-erbB2 upon NRGI1-B! binding. EGF did not induce
any s-erbB oligomer other than s-erbB1 homodimers, and
our data suggest that the one hetero-oligomer that we
could detect (s-erbB2—s-erbB4) is likely to be larger than a
dimer.

These observations suggest that the simple erbB
receptor heterodimerization hypothesis, in which ligand
binding drives the heteromeric association of two different
erbB receptors through their extracellular ligand-binding
domains, is false. Instead, our findings argue that the
mechanisms of ligand-induced erbB receptor homo- and
hetero-oligomerization must be fundamentally different.
In particular, the fact that ligand-induced erbB1 and erbB4
homo-oligomerization can be recapitulated with the isol-
ated extracellular domains of these receptors, while
hetero-oligomerization cannot, suggests that regions out-
side the extracellular domain are required for heteromeric,
but not homomeric, interactions of the intact forms of
these receptors.

A model for ‘homodimer-nucleated’ erbB receptor
transmodulation

There are ~10°-10° erbB! or erbB4 receptors on the
surface of a typical EGF- or NRG-responsive cell. For a
cell with a radius of 8 pum, this receptor density translates
to an effective local concentration of 0.1-3 uM at the very
least. More reasonable estimates that account for orienta-
tion effects would be 10-100 times higher (Grasberger
et al, 1986). All experiments presented herein were
performed with s-erbB proteins at concentrations of 4—
10 uM, mimicking the effective erbB receptor concentra-

tion at the cell surface. Since liganded s-erbBl and
s-erbB4 homo-oligomerize so strongly under these condi-
tions, we suggest that homo-oligomerization of the intact
membrane-anchored receptors is likely to be the first
response to ligand binding in vivo. It seems unlikely that
ligand-induced hetero-oligomerization events that we
cannot detect in the studies described here (driven by
regions outside the extracellular domains) would compete
with these strong, directly ligand-induced, homomeric
interactions. We therefore suggest that the ligand-induced
erbB receptor hetero-oligomers seen in many studies of
intact erbB receptors are ‘nucleated’ by ligand-induced
erbBl or erbB4 homo-oligomers, and most probably
represent something larger than a heterodimer. Huang et al.
(1998) have suggested a similar model, as outlined in the
Introduction, in which a ligand-induced homodimer of one
receptor (e.g. erbB1) transactivates a second receptor (e.g.
erbB2) by inducing its dimerization. In the resulting
heterotetramer, the two molecules of the second (un-
liganded) receptor could activate one another through
trans-autophosphorylation, and may be identical or differ-
ent (if different, the ‘secondary dimerization’ observations
made by Gamett et al., 1997 could be explained). A
‘homodimer-nucleated’ hetero-tetramer model of this sort
could explain the initially surprising finding that a kinase-
negative mutant of erbB1 is nonetheless able to mediate
EGF-induced transmodulation of erbB2 (Wright er al,,
1995). According to the model, an EGF-induced homo-
dimer of the erbB1 mutant would transactivate erbB2 by
inducing erbB2 homodimerization (and consequent acti-
vation) within the context of a heterotetramer—the kinase
activity of erbB1 would not be required. The model could
also explain how an erbB2 mutant with its intracellular
domain deleted can inhibit transmodulation of endogenous
erbB2 in a dominant-negative manner (Jones and Stern,
1999).

While this homodimer-nucleated heterotetramer model
may explain transmodulation mediated by erbB1 or erbB2,
it cannot readily explain the formation of erbB2-erbB3
hetero-oligomers. We and others (Horan et al., 1995;
Tzahar et al., 1997) have failed to detect NRG-induced
homodimerization of the erbB3 extracellular domain using
biophysical or cross-linking methods. However, NRG-
induced homo-oligomerization of intact (or truncated)
erbB3 in cells has been detected in chemical cross-linking
studies (Sliwkowski er al., 1994; Tzahar er al., 1997).
Unlike erbB1 or erbB4, erbB3 appears to require more
than just the extracellular domain for its ligand-induced
homo-oligomerization. Tzahar er al. (1997) have pre-
sented evidence suggesting that transmembrane domain
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interactions may be important for both homo- and hetero-
oligomeric interactions of erbB3. An NRG-induced erbB3
oligomer, stabilized by such interactions, could transmo-
dulate erbB2 by inducing its ‘proxy’ dimerization in the
model discussed above (see also Huang et al., 1998).

Relationship of hetero-oligomer formation to
ligand binding

Despite the fact that it does not bind either ligand
independently, overexpression of erbB2 increases the
NRG-binding affinity of cells that express erbB3
(Sliwkowski et al., 1994; Karunagaran er al., 1996) and
the EGF-binding affinity of cells that express erbBl
(Karunagaran et al., 1996). In an effort to understand these
effects, Sliwkowski and colleagues investigated how
forced heterodimerization of erbB receptor extracellular
domains alters their ligand-binding properties. Hetero-
(and homo-) dimerization was forced by fusing erbB
receptor extracellular domains to the (dimeric) hinge and
F. portions of IgG, heavy chain. Heterodimeric IgG
fusions containing the erbB2 extracellular domain along-
side that of erbB3 or erbB4 bound NRG1- significantly
more strongly than erbB3 or erbB4 homodimer fusion
(Fitzpatrick et al., 1998; J.T.Jones et al., 1999). In contrast,
a heterodimer containing the extracellular domains of
erbB2 and erbB! was indistinguishable from the equiva-
lent erbB1 homodimer in its binding to EGF, TGF-a, HB-
EGF or betacellulin (J.T.Jones ez al., 1999). This differ-
ence suggests that erbB2 enhances NRG and EGF binding
through distinct mechanisms. While NRG binding may be
enhanced simply by receptor extracellular domain hetero-
merization, some other mechanism must be invoked for
the enhancement of cellular EGF binding by overexpres-
sion of erbB2 (Karunagaran et al., 1996). Our studies of
s-erbB oligomerization suggest a similar distinction: while
the isolated extracellular domains cannot recapitulate
ligand-induced erbBl-erbB2 hetero-oligomerization, at
least NRG-induced erbB2—erbB4 heteromerization could
be reproduced with the soluble s-erbB proteins studied
here.

Conclusions
Regardless of the precise mechanism of ligand-induced

erbB receptor hetero-oligomerization, the results pre-
sented here show that isolated extracellular domains
reproduce ligand-induced homomeric interactions of
erbB receptors more faithfully than their reported hetero-
meric interactions. This finding alone argues that the
mechanisms for homo- and hetero-oligomerization of the
erbB receptors must differ. Our data therefore provide
strong evidence against the simple heterodimerization
hypothesis that we set out to test. Rather, in agreement
with suggestions made by other groups (Gamett et al.,
1997. Huang et al., 1998), we suggest that the ligand-
induced erbB homo-oligomers that can be formed with
isolated extracellular domains nucleate larger erbB hetero-
oligomers through interactions that may also involve other
regions of the receptor. Transphosphorylation within these
larger ‘homodimer-nucleated’ hetero-oligomers may be
responsible for erbB receptor transmodulation.

m

Materials and methods

Generation of s-erbB constructs

A fragment of human erbB1 cDNA directing expression of residues 1-
642 (1-618 of the mature sequence), followed by & hexahistidine tag and
stop codon, was subcloned into pFastBacl (Life Technologies Inc). The
1955 bp fragment was generated by PCR, introducing a unique Bg!II site
immediately before the initiation codon and a unique Xbal site that
follows the introduced stop codon. The 1955 bp BgllI-Xbal-digested PCR
product was ligated into BamHI-Xbal-digested pFastBac I. To minimize
the risk of PCR artifacts, a 1260 bp £coRI-Apal fragment of this PCR-
derived clone was swapped for the equivalent region from the original
erbB1 cDNA. A fragment of human erbB2 cDNA, directing expression of
residues 1-647 (1-628 of the mature sequence), was generated similarly.
In this case, & unique Xbal site was introduced before the initiation codon,
and a unique HindIIl site was introduced after the histidine tag and stop
codon. The 1980 bp Xbal-HindIlI-digested PCR product was ligated into
Xbal-HindIll-digested pFastBac 1. An 1880 bp internal fragment of this
PCR product, extending from an Ncol site at the initiation codon to a
unique Sphl site, was then swapped for the equivalent fragment from the
original erbB2 cDNA,

Fragments encoding human erbB3 residues 1-639 (1-620 of the
mature protein) and human erbB4 residues 1-649 (1-624 of the mature
protein), with a unique BamH] site at one end and an Xbal site at the other,
were generated by PCR, and ligated into BamHI-Xbal-digested pFastBac
I. The sequence of all PCR-derived fragments and their cloning
boundaries were confirmed by automated dideoxynucleotide sequencing
methods.

Protein production

Typically, 5~10 1 of Sf cells were grown as a suspension culture in
Sf900-I1 medium (Gibco-BRL) using multiple 1 | spinner flasks that each
contained <500 ml of medium (to ensure adequate aeration). At a cell
density of 2.5 X 10% cells/ml (viability >98%), freshly amplified high-
titer virus stock was added to a multiplicity of infection (m.o.i.) of ~5.
Cultures were incubated at 27°C for a further 96 h. Clarified conditioned
medium was concentrated 2-fold, and then diafiltered against 3.5 vols of
25 mM Tris-HC], 150 mM NaCl, pH 8.0 (buffer A), using a Millipore
Prep/Scale-TFF 30 kDa cartridge. The solution was concentrated further
to ~300 ml prior to loading onto a 5 ml Ni-NTA Superflow column
(Qiagen). After extensive washing with buffer A, the column was washed
sequentially with two column volumes of buffer A containing 30, 50, 75,
100 and 300 mM imidazole, pH 8.0. Typically, most s-erbB protein eluted
in the 75 and 100 mM fractions. Fractions were concentrated in a
Centriprep 30 (Amicon), and loaded onto 2 Pharmacia Superose 6 gel
filtration column in 25 mM HEPES, pH 8.0, 100 mM NaCl, from which
they eluted as ~85 kDa species. For s-erbB1 and s-erbB4, appropriate gel
filration fractions were pooled, diluted 1.5-fold with 50 mM MES pH 6.0,
and were loaded on 10 an BioScale-S2 cation exchange column (BioRad)
pre-equilibrated with 25 mM MES pH 6.0. Protein was eluted with a
gradient in NaCl, s-erbB1 eluting at ~200 mM NaCl and s-erbB4 at
~300 mM NaCl. Auempts to purify s-erbB2 and s-erbB3 by ion exchange
led to precipitation of the proteins at the low salt concentration required
for column binding. Purified s-erbB proteins were buffer exchanged into
25 mM HEPES, 100 mM NaCl, pH 8.0, concentrated to between 20 and
100 UM, and stored at 4°C. Purity was checked by SDS-PAGE (Figure 1),
and concentrations were determined by absorbance at 280 nM using
extinction coefficients calculated as described (Mach er al., 1992) of
56 920/M/cm (s-erbB1), 62 460/M/cm (s-erbB2), 63 940/M/cm (s-erbB3)
and 74 300/M/cm (s-erbB4). We previously had used quantitative amino
acid analysis to measure a value of 58 S00/M/cm for s-erbBl from
mammalian cells (Lemmon er al., 1997); this value is within 3% of that
calculated according to Mach er al. (1992). Calculated extinction
coefficients of 18 780/M/cm (EGF) and 5920/M/cm (NRGI-B1) were
also used for determination of ligand concentration.

Approximate final yields of purified protein from 1 | of conditioned
medium were | (s-erbB1), 0.2 (s-erbB2), | (s-erbB3) and 0.5 mg
(s-erbB4). Ligands used for this study were purchased from Intergen
(human EGF) or R & D Systems (human NRG1-f1).

Multi-angle laser light-scattering (MALLS) studies

A DAWN DSP laser photometer from Wyatt Technologies (Santa
Barbara, CA) was used for MALLS studies (Wyau, 1993). The
instrument was used in micro-batch mode, with samples being introduced
into the flow cell via a 0.1 um filter using a syringe pump. To avoid
introduction of air bubbles, concentrated protein solutions were diluted to



working concentrations in degassed buffer, and samples were introduced
into the flow cell via a low dead volume multi-port valve that was loaded
with several samples and purged of air prior to a series of measurements.
Scattering data at all 17 angles were collected until maximum stable
scattering for a sample was seen, which can be achieved at flow rates of
2 mlM with samples of ~300 pl. Scattering data were collected and
analyzed using ASTRA software (Wyatt Technologies) supplied with the
instrument. Relative weight-averaged molecular masses were determined
from the scattering data collected for a given ligand:receptor mixture
(once stabilized) using Debye plots, in which R(6)/K ¢ is plotted against
sin%(6/2), where 8 is the scattering angle; R(0) is the excess intensity (/) of
scattered light at that angle; ¢ is the concentration of the sample; and K" is
a constant equal to 4nin¥(dn/dc) /AN, (where n = solvent refractive
index, dn/dc = refractive index increment of scattering sample,
Ao = wavelength of scattered light and N, = Avogadro's number).
Extrapolation of a Debye plot to zero angle gives an estimate of the
weight-averaged molecular mass (M.} (Wyatt, 1993). M, is defined as:

T M}

M, =<
ZII,‘M,‘

for n moles of i different species with molecular weight M;

In ligand titration experiments, the contribution of added ligand to the
mass concentration was neglected (see also Lemmon er al., 1997). Since
we are interested in dimerization, i.c. only the ‘fold increase’ in M, our
results are not affected by the value of X°, of which we are uncertain since
we have not determined the extent of glycosylation of the s-erbB proteins
accurately. MALLS data are therefore discussed in terms of ‘fold
increase’ in M, over that measured for s-erbB protein alone. Where
estimates for M,, are reported, mass concentrations were converted from
molar concentrations using the molecular weight suggested by the amino
acid sequence, and assuming that s-erbB glycoproteins are 20%
carbohydrate by mass.

Analytical ultracentrifugation studies

Sedimentation equilibrium experiments employed the XL-A analytical
ultracentrifuge (Beckman). Samples were loaded into six-channel epon
charcoal-filled centerpieces, using quartz windows. Experiments were
performed at 20°C, detecting at 280-300 nm, using three different speeds
(6000, 9000 and 12 000 r.p.m.), with very similar results. Solvent density
was taken as 1.003 g/ml, and the partial specific volumes of the s-erbB
proteins were approximated from their amino acid compositions and the
assumption of ~20% carbohydrate as 0.71 ml/g for the purposes described
here. Experiments were performed at 5-10 pM protein. Data were fit
using the Optima XL-A data analysis software (Beckman/MicroCal) to
models assuming a single non-ideal species for unliganded s-erbB
proteins. When ligand was added, a two-species fit was used, in which one
of the species was the excess ligand (partial specific volume 0.74 ml/g),
which sediments as a 6 kDa (EGF) or 8 kDa (NRG) species (not shown).
The molecular mass of the ligand species was fixed in these fits, while the
mass and concentration of the receptor species were allowed to float.
Goodness of fit was judged by the occurrence of randomly distributed
residuals, examples of which are shown in Figure 4. For more
complicated mixtures of receptors and ligands, simple qualitative
interpretations of analytical ultracentrifugation experiments were made
by inspection when possible (see Figures 5B, 6 and 7).

BlAcore studies
BlAcore binding experiments employed a BlAcore 2000 instrument, and
were performed in 10 mM HEPES buffer, pH 7.4, that contained {50 mM
NaCl. 3.4 mM EDTA and 0.005% Tween-20 at 25°C. The hydrogel
matrix of BlAcore CMS Biosensor chips was activated with N-
hydroxysuccinimide (NHS) and N-ethyl-A"-[3-(diethylamino)propyl}
carbodiimide (EDC). EGF (at 200 pg/ml) in 10 mM sodium acetate,
pH 4.0, or NRGI-81 (at 200 pg/ml) in 10 mM sodium acetate, pH 4.8,
was then flowed over the activated surface at 5 pul/min for 10 min. Non-
cross-linked ligand was removed, and unreacted sites were blocked with
| M ethanolamine. pH 8.5. The signal contributed by immobilized EGF or
NRG1-B1 ranged from 150 to 400 RU, depending on the specific chip.
Purified s-erbB proteins at a series of concentrations were each flowed
simultaneously over the EGF and NRG1-B1 (and mock/control) surfaces
at 5 pl/min for 7 min, by which time binding had reached a plateau in each
case. The RU value corresponding to this plateau was taken as a measure
of s-erbB protein binding, and was corrected for background non-specific

erbB receptor homo- and hetero-dimerization

binding and bulk refractive index effects by subtraction of data obtained
in parallel using the mock-coupled hydrogel surface. RU values were then
converted into percentage maximal binding. This conversion was
performed separately for each surface (since levels of immobilization
varied); 100% binding was defined for an NRG surface as the highest
corrected signal seen with s-erbB3 and s-erbB4 (which were always the
same to within 10%), and for an EGF surface the highest corrected signal
seen with s-erbB 1. Buffer washes between runs were sufficient to bring
the RU value back down to baseline. Data were plotted as s-erbB
concentration against percentage maximal binding, and fit to a simple
binding equation in ORIGIN (MicroCal) to estimate the Kp.
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